The transgenic traits associated with the majority of commercial genetically modified crops are focused on improving herbicide and insecticide management practices. The use of the transgenic technology in these crops and the associated chemistry has been the basis of studies that provide evidence for occasional improvement in environmental benefits due to the use of less residual herbicides, more targeted pesticides, and reduced field traffic. This is nicely exemplified through studies using Environmental Impact Quotient (EIQ) assessments. Whilst EIQ evaluations may sometimes illustrate environmental benefits they have their limitations. EIQ evaluations are not a surrogate for Environmental Risk Assessments and may not reflect real environmental interactions between crops and the environment. Addressing the impact cultivated plants have on the environment generally attracts little public attention and research funding, but the introduction of GM has facilitated an expansion of research to address potential environmental concerns from government, NGOs, industry, consumers, and growers. In this commentary, some evidence from our own research and several key papers that highlight EIQ assessments of the impact crops are having on the environment are presented. This information may be useful as an education tool on the potential benefits of GM and conventional farming. In addition, other deliberate, accidental, and GM-driven benefits derived from the examination of GM cropping systems is briefly discussed.
Since the recognized introduction of genetically modified (GM) crops onto the global market there has been continued annual growth in the uptake of the available technologies (James, 2010) . In 2010, the area planted globally under GM crops had grown to 1 billion hectares (James, 2010) . However, the acceptance of GM technology as an agricultural cropping tool has not met with the same level of acceptance as previous advances in agricultural production practices.
Mechanization, varietal improvement, specific pesticides, and mineral fertilizers have all had a major impact on the way farms operate (Watson and Moore, 1962; Smil, 2001) . However, whilst these practices provide production benefits, most have come at some kind of environmental cost.
Establishment and maintenance of a single crop produces a limited vegetative biodiversity (Tripp, 1996) and the subsequent use of pesticides maintains this or suppresses it further. Cultivation disrupts soil structure, leaving it prone to erosion (Gregorich et al., 1985) and can elevate nutrient losses through leaching and greenhouse gas emissions under certain conditions (e.g. warm, moist soils). The application of excess or poorly timed mineral fertilizers can also result in higher agricultural contributions to greenhouse gas emissions (Rees et al., 2010) and leaching losses. Despite these apparent environmental dangers from crop cultivation, these are the current practices under which food is produced. In light of this, it seems reasonable to ask if the global disparity observed in GM adoption (Bodulovic, 2005 ) is due to a perception that adoption of GM would further enhance environmental degradation associated with crop production?
Certainly, within the UK, the idea that GM would have an impact on the environment has been fostered to date by the influence of numerous reports relating to the Farm Scale Evaluations (FSE) (AgBioView, 2003; BBC, 2005) . From a UK perspective, the FSE represents probably the most widespread, in-depth, statistically rigorous, and farmrelevant series of experiments and associated papers dealing with the consequences of GM herbicide-tolerant crop adoption (Firbank et al., 2006; Gibbons et al., 2006; Heard et al., 2006) . The FSE reported that the loss of weeds in fields of GM oilseed rape and beet crops where associated herbicides were used at standard doses would, consequently, affect birds and insects feeding upon these weeds. The resultant image that stuck in the public psyche was one that GM agriculture removed insects and birds from the countryside. However, weeds are by definition 'a wild plant growing where it is not wanted' and in a cropping field a weed represents direct competition for resources. In the UK, there is approximately 10 000 years of crop domestication history that has coincided with the battle to remove weeds from cropped fields. This battle continues and, even today, if you were to show us a farmer actively encouraging weeds within a crop then we'd show you a farmer trying to go out of business. In practice, however, with increasing attention being paid to the positive effects of increasing biodiversity on-farm and the ever-increasing costs of agrochemical inputs, farmers are prepared to tolerate levels of weeds below thresholds affecting yields. In addition, the FSE lacked economic and yield data that should be central to a farm evaluation of a cropping practice change. In light of this, the FSE served to confirm, for those who already had concerns about GM, that some GM crops could indeed be detrimental to some aspects of wildlife. If the evaluation had been approached from the perspective of the farmer, who desires less weed in the crop, with the impacts on the indirect recipients of change, we, the consumers, who are currently more aware of how changes in agriculture affect food prices (The Royal Society, 2009), then it may have drawn very different conclusions. The findings of other large European evaluations of GM risk, such as ECOGEN (for examples see Cortet et al., 2007; Griffiths et al., 2007; Krogh et al., 2007) that, to date, has not reported adverse effects, have received less media attention and are, as a result, less well known to the general public.
If the uncertainty in the safety of GM exist and is influencing media and public perception of risk (Hall, 2010) , then is there perhaps another way to allow agricultural bodies and, as a consequence, the public, to conduct their own assessment of environmental changes associated with GM adoption? If so, could this help address issues relating to uncertainty in GM, alter public perceptions and, ultimately, influence the global GM adoption discrepancies?
Evaluating the environmental impact of GM crops
The Environmental Impact Quotient (EIQ) was first described by Kovach et al. (1992) as a tool to assess specific pesticide risks to farm workers, consumers, and the environment and combine these risks to assign a specific EIQ value. Initially, the EIQ was proposed as a way to organize pesticide risk assessment data in such a way as to facilitate environmentally sound pesticide choices by growers practising integrated pest management (IPM). It incorporates potential toxicity values for specific pesticides against aboveground fauna considering the degradation and transportation rates. However, the EIQ has been adopted to compare GM and conventional production systems Barfoot, 2005, 2006; Knox et al., 2006) . This work has made use of the ability to generate an Environmental Impact (EI) value from EIQ data when the amount in kilograms of applied active ingredient are known (Gallivan et al., 2001) . EIQ use in this context, as an EI value, allows the comparison of systems in the true field context with real and appropriate pesticide use data, thus represents what is happening or can occur in the dynamic agriculture environment. Alternative pesticide risk indices do exist, but the nature of the data available for many agricultural production systems make EIQ better suited to assess altered pesticide application regimes (Maud et al., 2001; Kleter et al., 2007) , such as those associated with GM adoption. The EIQ and EI evaluation of GM and comparable conventional cropping systems is, therefore, suited to determining if GM adoption comes at a higher risk than the existing production system. An EIQ evaluation does not, however, contend with the impacts of cultivation, adoption of permanent tramlines or the field management practices that may be modified as part of a GM adoption strategy. In addition, EIQ is not a surrogate or replacement for environmental risk assessments (ERA).
ERA is a fairly uniform global process in which decisions are made on a case-by-case basis. Regulatory bodies consider ERAs, in addition to human and animal health safety assessments, in making decisions. The ERAs themselves are conducted in accordance with specific legislation (e.g. EU legislation is contained in directive 2001/18/EC) covering a vast range of ecological components, compared with just the fish, birds, bees, and beneficial arthropod data utilized in the EIQ. Of relevance to this commentary is the fact that, at present, there is no legislative body anywhere in the world that considers identified or potential benefits as part of the process. In addition, ERA relates the performance of the considered GM trait with its isogenic parent material, which may not reflect farmer available germplasm and therefore real world cultivation options.
As well as not being an ERA, EIQ has further limitations that include limitations in the assignation and subsequent range of scores, potential bias toward chemicals with acute rather than chronic effects, a lack of sensitivity to specificenvironments, methods of use, and knowledge gaps (Dushoff et al., 1994; Levitan et al., 1995; Nillesen et al., 2006) . However, despite the limitations of EIQ it still has advantages over several other environmental impact assessment tools (Maud et al., 2001) and is readily applied to agricultural data across a diverse range of crops and cropping practices (Nillesen et al., 2006) making it useful as a rough indicator of the direction of possible environmental impacts from changes in pesticide use within real agricultural conditions.
As examples of how an EIQ evaluation can function, the focus within this commentary has been on cotton (Gossypium hirsutum) and oilseed rape or canola (Brassica napus and B. rapa). This decision was based on author familiarity with the crops, the existence of data suitable for EIQ evaluation, and because GM research on these crops has facilitated advancement in both crop cultivation and our understanding of crop and environment interactions.
EIQ evaluation of cotton
In Australia, less than 1% of the agricultural area is used to grow cotton, but the crop is a major agricultural export commodity. The commercial introduction of insecticidal GM cotton varieties to Australia resulted in a rapid uptake by the industry and its growers, quickly establishing to around 80% of the planted area (Monsanto Australia Limited, 2004) . The 1996 introduction of the Bt insecticidal varieties meant that, by 2004, there was seven years of consultancy data on pesticide use available, which captured an estimated 75% of the grower operations across the cottongrowing regions of Australia (Doyle et al., 2004) . This period also spanned the introduction of two gene BollgardÒ II varieties and the subsequent removal of the single gene IngardÒ varieties, which expressed only Cry1Ac. The EI values for conventional and the Bt insecticidal cottons over the reported period were 135 and 28, respectively. The data represented a significant (P¼0.001, ANOVA) percentage change in EI footprint over this period of -44% and -75% for IngardÒ and BollgardÒ II, respectively (Knox et al., 2006) , which was significantly higher than the global average for GM insect-resistant cotton of -17% (Brookes and Barfoot, 2005) from the same period. It is perhaps worth noting that the -17% value calculated by Brookes and Barfoot (2005) is identical to the 1997-1998 value for IngardÒ (Table 1) . Subsequent divergence from these early EIQ ratings of insecticide use in Australian cotton are believed to have occurred as growers developed trust in the technology.
The option for herbicide tolerance did not become commercially available in Australia until 2000 with the introduction of glyphosate tolerance in the form of Roundup ReadyÒ varieties. Adoption of the trait and the associated management practice changes was again rapid. Within two years, the trait was found in 70-80% of the planted GM cotton area (Brookes and Barfoot, 2006; Holtzapffel et al., 2008) , either as a stand alone trait or in combination with the GM Bt insecticidal resistance across a range of varieties.
One of the primary reasons for the rapid adoption was the promise of increased profit margins through reductions in pesticide application (Fitt, 2000; Monsanto Australia Limited, 2003; Doyle et al., 2004) . However, herbicide costsavings associated with using glyphosate-tolerant cotton in Australia were estimated to be between $3 ha À1 to $7 ha À1 Barfoot, 2006, 2011) . Whilst this saving might appear small, the context is important. With the average Australian cotton farm producing 362 ha of cotton, this small value represents a saving of more than a $1000 per farm and around $1.5 million across the industry. Part of a project, commissioned by the Cotton Catchment Communities CRC, reviewed the EIQ values associated with GM herbicide-tolerant cotton (Kennedy et al., 2011 Herbicide use is one of the key management practices for efficient use of resources, economic production, and overall sustainability of cotton farming in Australia. Therefore, the adoption of a modified system that allows the move away from persistent and residual herbicides should reduce its EIQ value. For example, adoption of Roundup Ready (RR) cotton is reported to have had little impact on the spectrum of herbicides used, but it has reduced the amounts of ALS inhibitors, PSII inhibitors, and microtube assembly inhibitors used in RR cotton fields by between 10% and 17.5% (Werth et al., 2006) . These changes were also associated with a small reduction in applied herbicide active ingredient (a.i.) from 3.38 to 2.55 kg a.i. ha À1 (Werth et al., 2006) . However, whilst many of the reduced herbicides have a long residual signature with potential to cause environmental contamination (Bhaskaran and Kennedy, 1999) , the use of glyphosate increased by around six times in RR fields. The survey conducted by Werth et al. (2006) highlighted that, whilst a slight reduction in the use of residuals, post-emergence, and lay-by residuals had occurred in the Australian cotton production system, in response to the availability of RR varieties, most growers were adopting glyphosate as an addition to their weed management strategy rather than a substitution. Whilst the significance of this for herbicideresistance management was relevant, the overall assessment of potential environmental impact by EIQ evaluation remains largely unaltered as a consequence. Changes in environmental impact from the adoption of herbicide-tolerant cotton may well become more evident with the introduction of RR FlexÒ and Liberty LinkÒ (glufosinate tolerance) Environmental impact of GM | 545 traits for commercial use, but for the moment there is no apparent environmental benefit, beyond the reduction in residuals, to the adoption of herbicide-tolerant cotton in Australia (Werth et al., 2006; Holtzapffel et al., 2008) .
EIQ evaluation of oilseed rape/canola
Developing an appreciation that adoption of cotton in Australia with insect resistance could have environmental benefits, whilst adopting a herbicide-tolerant variety has unaltered environmental credentials will have little meaning to the European with little to no interest in cotton cultivation. If understanding and attitude toward GM as an agronomic tool by European citizens is to be addressed, then a more recognizable crop is required (Bodulovic, 2005) . Oilseed rape or canola is more familiar to Europeans due to the bright yellow fields it produces in Spring and Summer. As a crop it is interesting as the GM herbicide-tolerant varieties have entered into a market where there exists conventionally developed herbicide-tolerant options as well as open pollinated and hybrid varieties (Booth et al., 1999; Holtzapffel et al., 2008; Brookes and Barfoot, 2011) . Within Europe, oilseed rape was also considered as the crop closest to large-scale commercial release around the turn of the century (Booth et al., 1999) . Against this backdrop, the introduction of GM herbicide-tolerant oilseed rape since 1996 has a global EIQ that averages 23% lower than for conventional plantings (Brookes and Barfoot, 2011) . The following summarizes some of the country-specific values that have gone into determining this average from data presented in Brookes and Barfoot (2011) . In the USA, between 1999 and 2009, the EIQ ha À1 reduced with the adoption of glyphosate-and glufosinate-tolerant varieties from 25.5 to 15.3 and 7.9, respectively. In Canada, the EIQ/ha for conventional canola has averaged 26.2, whilst this has decreased for glyphosate and glufosinate tolerant GM variety adoption to 10 and 7.9, respectively (Brookes and Barfoot, 2011) . A further comparison of Canadian conventional against all herbicide-tolerant oilseed rape from 1995 to 2005 demonstrated a similar EIQ ha À1 reduction from conventional levels of 22.56 to 8.03 (Brimner et al., 2005) . Australia, by comparison, has had limited access to GM herbicide-tolerant canola since 2008, due to state moratoriums banning the use of the technology despite approval from the Office of the Gene Technology Regulator in 2003 (Holtzapffel et al., 2008) . During this limited period of access to the technology, Australian non-GM triazine and imidazoline herbicide tolerant varieties have calculated EIQ/ha values of 40.35 and 13.27, respectively, whereas GM canola scored 18.54 (Brookes and Barfoot, 2011) . These results indicate that there are differences in the conventional systems' potential environmental impact between countries and that against this backdrop, as well as the possible conventional herbicide tolerance, GM herbicide-resistant canola may not always offer positive environmental gains.
Against these country-specific accounts we are unaware of any previously reported EIQ evaluations of what GM canola adoption may look like for UK farming systems. In an attempt to undertake such an exercise pesticide data were extrapolated from the FACTT (Familiarization and Acceptance of Crops incorporating Transgenic Technology) project. The result of this was EIQ ha À1 values that were considerably higher than for any of the countries previously discussed, but indicated that GM adoption could reduce EIQ ha À1 scores from 72.6 for conventional fields to 65.5 (Table 2) under the experimental conditions for the FACTT Table 2 . EIQ evaluation of the pesticide treatments used in the FACTT study (Booth et al., 1999) of UK-grown conventional and GM oilseed rape. EIQ values for Metazochlor and Cyloxydim were developed from available pesticide impact data (Extonet, FAO, DEFRA, Pesticide Property Database) and published results (Devos et al., 2008) trials, where full rate glufosinate treatments were used for the GM crops (Booth et al., 1999) . It is of note that, in practice, lower rates of this herbicide are more likely to be used. In addition to this, data were taken from the DEFRA 2008 pesticide usage report (Garthwaite et al., 2008) and EIQ ha À1 canola data were constructed for the UK as well as a possible GM herbicide regime based on details from the FACTT programme, consultant opinion, and the reduction in residuals reported in Werth et al. (2006) . In this instance, the EIQ ha À1 fell from 52.2 for a conventional field to 30.2 for a GM field (Table 3 ). In 2009, trifluralin was removed as an option for pre-emergent weed control in oilseed rape and so the conventional level would have fallen in the subsequent year, possibly to 34.8, depending on herbicide use change in response to this. Also of note here is that, within the FACTT reports, 80% of the EIQ ha À1 value is derived from fungicide treatments. Whilst adoption of GM herbicide-tolerant canola may lower the field EIQ, further gains could be delivered from improved conventional or GM fungal resistance.
Similar results from the adoption of GM herbicidetolerant crops are reported from other large scale trials of GM sugar beet and soya within EU member states (Kleter et al., 2008) . So adoption of GM, particularly in developing countries, is associated with a reduced environmental footprint of the agriculture being practised (Brookes and Barfoot, 2006) . However, evaluations of this kind do not take into account the possible impact on field and wider landscape biodiversity (Firbank et al., 2006; Gibbons et al., 2006; Heard et al., 2006; Devos et al., 2008) or the requirements for the control of volunteers (Werth et al., 2006) and restrictions due to undesired and unintentional gene flow (Holtzapffel et al., 2008; Kleter et al., 2008) . These factors are currently important to ERA evaluations and the possible benefits outlined by evaluations, such as EIQ, have no role in this process. EIQ evaluations are one way of considering potential benefits from changes to farming practices where pesticide application is involved and, as such, is a useful farmer decision tool. Addressing uncertainties in the farming community toward the potential benefits or risks of GM adoption could address similar uncertainties in the general public.
Learning from GM studies and their comparators
Whilst EIQ as a tool may have its uses, it remains based on existing laboratory and field data assessments primarily of the chemicals associated with GM cultivation. The actual environmental changes occurring under the cultivation of a crop, whether GM or conventional, cannot be determined from such data. For this to occur, real field data are required and GM has permitted field trials to be undertaken where the conventional comparison has led to improved understanding of agricultural ecology. The following examples of possible environmental benefits that have arisen as a result of GM cultivation do not represent an exhaustive list, are limited to cotton and oilseed rape, and may not present a balanced view of the pros and cons. These are just a few examples of where GM technology has either directly or indirectly resulted in a real or potential environmental improvement.
Research in Australia into the weediness of GM cotton has highlighted the need to understand the native cottons better (Eastick, 2002) , possibly improving their chances of survival through the monitoring of native populations. GM adoption has also been associated with the reduction in the transfer of pesticides into adjacent water bodies (Kennedy et al., 2011) . Other experimentation in cotton has produced field observations of potential environmental benefits through variety choice that manipulates the soil microbial diversity and function (Knox et al., 2009) . These examples represent possible environmental and agronomic benefits that are not necessarily driven by the GM status of the plant, but have been observed due to the necessity to undertake research to quantify the potential effects of GM cropping with conventional comparisons.
Real environmental gains can also be seen in the case of oilseed rape, where the availability of herbicide-tolerant varieties, both GM and conventional, have permitted the movement to more conservation-based tillage soil management practices (Booth et al., 2002; Holtzapffel et al., 2008) , although, in some cases, the technology has also caused an expansion of the area cultivated to oilseed. Finally, GM has had a role in bringing agriculture back to the attention of the public, although much of the associated press may have negative Environmental impact of GM | 547
connotations (Marchant, 2001) when it comes to agriculture, as with so many other areas, perhaps no press is bad press.
Conclusion
To an outside observer, the acceptance of the advances that have occurred during the green revolution might seem at odds with the costs of the technology that has permitted the developed world's current agricultural production limits. And yet a combination of ignorance, small-scale opposition, and acceptance allows the continued use of chemical and radiation mutagenesis in the parentage of many current cultivars, mechanical cultivation practices with potential for soil degradation, rates of mineral fertilizer application that increase greenhouse gas and water pollution, and the use of pesticides that reduce biodiversity. Perhaps our understanding of these risks is sufficient to allow us to decide that these practices are required to maintain the choice of food we demand at costs we are prepared accept. In this regard, uncertainty over the safety of GM is maybe the one step too far for some when considering the future of our food production. The EIQ is limited in its capabilities, as are most assessments of this nature, and we are not proposing an attempted insertion of EIQ evaluations into ERA. The usefulness of the EIQ, and indeed any simple and easily applied evaluation tool, could be in addressing farmer evaluations of the technology, thus helping to address the uncertainty people associate with the science behind the technology. This is only part of the story and changes, particularly in Europe, to the wide scale adoption of GM may be a long time coming, if ever. That said, many of agriculture's greatest advances have taken a long time for widespread acceptance to occur. For example, Jethro Tull's seed drill (Sayre, 2010) took almost 100 years before there was widespread adoption. Similarly, wide-scale adoption of no-till systems also required more than 20 years (D'Emden et al., 2006; Derpsch et al., 2010) .
Regardless of the barriers to adoption, GM has also permitted more general advances to be made in agroecology and related biodiversity by providing platforms against which 'normal standards' have had to be developed. The advances in our understanding of how cultivated plants interact with the environment can offer real world tools for the further development of cultivars that provide real environmental benefits. Such tools are needed as mankind moves into an uncertain future in which an ever-growing human population will exist within the Earth's limited resources. Whether the plants needed for the future to address these pressures should be GM, for now, remains a matter of debate.
